Long-range interactions between transcription regulatory elements play an important role in gene activation, epigenetic silencing, and chromatin organization. Transcriptional activation or repression of developmentally regulated genes is often accomplished through tissuespecific chromatin architecture and dynamic localization between active transcription factories and repressive Polycomb bodies. However, the mechanisms underlying the structural organization of chromatin and the coordination of physical interactions are not fully understood. Insulators and Polycomb group proteins form highly conserved multiprotein complexes that mediate functional long-range interactions and have proposed roles in nuclear organization. In this review, we explore recent findings that have broadened our understanding of the function of these proteins and provide an integrative model for the roles of insulators in nuclear organization. 
INTRODUCTION
Eukaryotic genomes are packaged into higherorder chromatin structures and ultimately organized in a manner that functionally relates to gene expression. Understanding the mechanisms and molecular players involved in genome organization is therefore essential to fully comprehend the fundamental relationship between nuclear organization and genome function. Insulators are multiprotein DNA complexes proposed to underlie nuclear architecture on the basis of their ability to facilitate long-range physical interactions, to interact with nuclear substructures, and to cluster into nuclear foci termed insulator bodies. However, spatiotemporal expression and repression of genes pertinent to development and cell-type specification involve the function of additional regulatory elements, such as enhancers and Polycomb response elements (PREs), which suggests additional factors may also play a role in genome organization. It is then possible that the 3D arrangement of chromatin in the nuclear space is in part a consequence of function, i.e., the interaction of regulatory sequences with gene promoters, and in part due to structural elements whose role is to establish interactions between specific sequences to effect particular patterns of gene expression. The recent development of unbiased, high-throughput methods for mapping protein binding sites and genome-wide interactions has allowed an unprecedented look into the inner workings of genome biology, and new studies have provided valuable insights into the roles of insulators and chromatin structure in nuclear organization. In this review we highlight the relationship between nuclear organization and genome function and emphasize the dynamic interplay among chromatin insulators, transcription activation, and Polycomb (Pc)-mediated repression in creating and/or maintaining a 3D arrangement of the chromatin that is conducive to the establishment of patterns of gene expression required for cell-type specification. many nuclear processes (Mao et al. 2011 ). For example, active genes can relocate from chromosome territories (Branco & Pombo 2006 , Chambeyron & Bickmore 2004 and cluster into subnuclear foci termed transcription factories for gene expression (Chakalova & Fraser 2010) . Gene silencing is also accomplished through recruitment to repressive nuclear structures, and most biological processes are similarly compartmentalized into analogous nuclear bodies, which indicates an important relationship between nuclear organization and genome function.
Differentiation, Replication, and Genome Stability
The nonrandom order and significance of genome organization are perhaps best highlighted by its relationship to cellular differentiation, replication, and genome stability. The pathway from pluripotency to differentiated tissues is accompanied by changes in epigenomic landscapes, genome compaction, and some degree of chromosomal reorganization (Ahmed et al. 2010 , Mikkelsen et al. 2007 , Vastenhouw et al. 2010 , Wiblin et al. 2005 . Developmental genes are differentially targeted to transcriptionally active or transcriptionally repressive nuclear substructures, and differentiation is associated with restructuring of interactions between chromatin and the nuclear lamina (Peric-Hupkes et al. 2010 ). An increase in genome compaction may accommodate the organization of nuclear foci associated with transcription, DNA repair, replication, and splicing while restricting the complexity of genome function by concealing irrelevant transcription factor binding sites (Meister et al. 2011) . Nuclear organization also plays a critical role in organizing DNA replication into discrete subnuclear compartments (Berezney et al. 2000) and in maintaining genome integrity. DNA damage gives rise to the accumulation of repair and DNA damage checkpoint proteins concomitant to increased chromatin accessibility (Kruhlak et al. 2006 , Lisby et al. 2003 , and studies in both yeast and human cells demonstrate an important relationship between nuclear organization, DNA repeat stability, and telomere protection (for reviews see Mekhail & Moazed 2010 , Nagai et al. 2011 . Characterizing the mechanisms involved in 3D genome organization is therefore essential for understanding the apparent fundamental relationship between nuclear organization and cellular function.
Genomic Strategies
Microscopy studies have been invaluable in revealing insights into the distribution and organization of chromosomes in individual cells and their relationship with gene regulation. However, to break down the 3D organization of chromosomes and the relationship between nuclear organization and underlying chromatin proteins, new techniques were required that exceeded the resolution and throughput limits imposed by traditional light microscopy ( Table 1) . The advent of the chromosome conformation capture (3C) technique described by Dekker et al. (2002) marked the first approach to effectively map physical chromosomal interactions across the genome. Although 3C has been useful in identifying locus-specific interactions between regulatory elements and target genes (Dekker et al. 2002 , Tolhuis et al. 2002 , derivations of the 3C technique have been introduced to extend the approach in an unbiased, high-throughput, genome-wide fashion. For example, the Hi-C method integrates an extended 3C protocol with massively parallel DNA sequencing, thereby capturing all genome-wide interactions at a resolution limited by the depth of sequencing (Lieberman-Aiden et al. 2009 ). Initial Hi-C analyses in a human lymphoblastoid cell line provided valuable insight into chromatin organization, supporting the fractal globule model in which chromosomes self-organize into a hierarchy of crumples, or series of globules governed by topological constraints (Grosberg et al. 1988 , Lieberman-Aiden et al. 2009 , Mirny 2011 new insights into the relationship between chromatin organization and CCCTC-binding factor (CTCF) as well as the nuclear lamina (Yaffe & Tanay 2011) . However, further conclusions about the chromosome topology and nuclear organization of chromatin in human cells will require higher resolution, which is likely to be obtained in the near future with greater sequencing depth.
Mediators of Nuclear Organization
Determination of how interphase chromosomes are anchored within the nuclear space and which proteins mediate structural arrangements conducive to gene regulation and locus plasticity remains a critical hurdle to understanding the mechanisms that regulate genome function. Fortunately, genome-wide mapping of chromatin-associated proteins has increased at an extraordinary pace during the past few years thanks to the ENCyclopedia of DNA Elements (ENCODE) Projects (Birney et al. 2007 , Celniker et al. 2009 ) and the increasingly affordable option of high-throughput sequencing. Analyses combining the 3D organization of interphase chromosomes-with genome-wide binding profiles of chromatinassociated factors-may ultimately establish which proteins functionally mediate nuclear organization. Information from microscopy and biochemical studies, combined with recent genome-wide mapping, has implicated multiple factors, including chromatin insulators, Pc complexes, and noncoding RNAs, as having roles in domain formation and chromatin organization that we consider in this review.
that insulators mediate long-range intra-and interchromosomal interactions, colocalize to subnuclear foci called insulator bodies as well as transcription factories, and preferentially cluster in trans, as revealed by Hi-C computational modeling in both yeast and humans. These findings suggest that insulators serve a greater purpose in chromatin organization.
Composition and Evolution
Studies of chromatin insulators in mammals have long been restricted to the highly conserved insulator protein CTCF, which until recently was the only characterized protein capable of insulator activity in humans. However, insulator activity in yeast involves tRNA genes and the transcription factor TFIIIC, and this role now appears to be conserved in mammals (Ebersole et al. 2011 , Raab et al. 2012 . Concurrent research on insulators in yeast, Drosophila, and mammalian systems therefore suggests that these elements serve an evolutionarily conserved role in gene regulation and nuclear organization.
Insulator protein CTCF. CTCF contains a central domain composed of 11 zinc fingers and is ubiquitously expressed (Klenova et al. 1993) . Early biochemical studies demonstrated >93% amino acid identity between human and chicken CTCF proteins (Filippova et al. 1996) , and studies in Drosophila later identified an orthologous CTCF factor with a similar domain structure and conserved insulator function (Moon et al. 2005) , which suggests this zincfinger protein plays a vital, highly conserved role in nuclear biology. Remarkably, CTCF primarily targets a highly similar core consensus sequence from Drosophila to humans, despite its ability to bind a variety of DNA sequences (Holohan et al. 2007) . The proteins with which CTCF associates and the variant sequences it is able to bind have been suggested to underlie the numerous roles in which CTCF has been implicated (Weth & Renkawitz 2011 , Zlatanova & Caiafa 2009 ), such as X-chromosome inactivation, V(D)J rearrangement, and chromatin insulation. Many CTCF binding sites recruit the cohesin complex (Figure 1) , which is required for functional CTCF insulator activity (Nativio et al. 2009 , Wendt et al. 2008 . The cohesin complex forms a ring-shaped structure and mediates cohesion between sister chromatids from S-phase until mitosis, which suggests that cohesin may specifically stabilize chromatin loops arranged by CTCF through a similar mechanism. CTCF also interacts with Yin and yang 1 (YY1), a transcription factor involved in X-chromosome inactivation (Donohoe et al. 2007 ) capable of recruiting Pc complexes (Wilkinson et al. 2006) , and CTCFmediated insulator activity at the H19/Igf2 requires the SNF2-like chromodomain helicase protein CHD8 (Figure 1 ) (Ishihara et al. 2006) , the DEAD-box RNA helicase p68, and its associated RNA (SRA) (Yao et al. 2010 ).
Insulators in Drosophila melanogaster.
Drosophila insulator elements and their associated proteins have been particularly well characterized thanks to in vivo insulator activity reporter assays made easy by the genetic manipulations available in the fly model system. In addition to the Drosophila homolog of CTCF (dCTCF), several insulator proteins have been identified, including Suppressor of Hairy wing [Su(Hw)], Boundary Element Associated Factor (BEAF-32), and GAGA factor (GAF) (Figure 1 ) (Gurudatta & Corces 2009) . Contrary to what happens in vertebrates, the Drosophila cohesin complex localizes to transcriptionally active genes independently of dCTCF (Misulovin et al. 2008 (Bonchuk et al. 2011 , Gerasimova et al. 2007 , Ghosh et al. 2001 chromosomal interactions and genome organization (Negre et al. 2010 , Van Bortle et al. 2012 . Interestingly, insulator activity in Drosophila also relies on components of the RNA interference (RNAi) machinery (Lei & Corces 2006 , Moshkovich et al. 2011 , though the mechanistic relationship remains poorly understood. tDNA and TFIIIC. tRNA genes were first demonstrated to function as boundary elements flanking the repressed HMR locus in Saccharomyces cerevisiae and subsequently at the pericentromeric regions of Schizosaccharomyces pombe (Donze et al. 1999 , Scott et al. 2006 . The conservation of tDNA as an insulator element has been further extended by the demonstration that tRNA genes function as barrier and enhancer-blocking insulators in transgenic reporter assays in human cells (Raab et al. 2012) . Analysis of the mat locus in S. pombe revealed that a repeat of B-box elements, which are highly conserved intragenic promoter elements in tRNA genes that recruit RNA polymerase III (RNAPIII) transcription initiation factor TFIIIC, were responsible for barrier activity (Figure 1) (Noma et al. 2006) . Mutations in TFIIIC and TFIIIB, but not RNAPIII, affected insulator activity in S. cerevisiae, which suggests that insulator activity occurs independent of RNAPIII transcription (Donze & Kamakaka 2001) . Although TFIIIC is sufficient for gene insulation alone, insulator activity is strengthened by TFIIIB and utilizes chromatin remodelers, possibly to evict histones at tDNA insulators (Valenzuela et al. 2009 ). Interestingly, in yeast and humans, TFIIIC binds many regions devoid of RNAPIII, called Extra TFIIIC (ETC) loci (Moqtaderi & Struhl 2004) , and these sites are associated with the cohesin complex and localize near CTCF-binding sites in mouse embryonic stem cells and humans (Carriere et al. 2012 , Moqtaderi et al. 2010 ). TFIIIC sites and tRNA genes also function as loading sites for the highly conserved condensin complex in yeast, which suggests insulators serve an important role in chromatin architecture during both interphase and mitosis (D'Ambrosio et al. 2008 ).
Distribution and Chromatin Structure
Genome-wide localization studies by ChIPchip and ChIP-seq have revealed that insulators are dispersed throughout eukaryotic genomes. CTCF is bound to thousands of independent sites in Drosophila (Bushey et al. 2009 , Holohan et al. 2007 , Negre et al. 2010 ) and tens of thousands of sites in human cell lines (Barski et al. 2007 , Cuddapah et al. 2009 , Kim et al. 2007 ), consistent with a global role in genome function. ChIP-chip analysis further showed that CTCF colocalizes with cohesin at more than half of its sites (Parelho et al. 2008 , Rubio et al. 2008 , Wendt et al. 2008 , which suggests many CTCF sites are likely capable of functional insulator activity. Meanwhile, recent genome-wide localization of TFIIIC occupancy in mouse embryonic stem cells revealed that although all three TFIIIC subunits co-occupy <300 tRNA genes, as many as 2,200 independent TFIIIC-bound ETC loci are dispersed throughout the mouse genome (Carriere et al. 2012) . Remarkably, as many as 85% of ETC loci lie within 20 kb of CTCF-binding sites, and cohesin subunits Smc1A and Smc3 were enriched at the ETC loci specifically, which suggests CTCF and TFIIIC distribution and insulator activity may be intimately associated. Evidence that suggests insulators may indeed collaborate comes from recent mapping of insulator proteins in D. melanogaster (Schwartz et al. 2012 , Van Bortle et al. 2012 . CTCF tandemly aligns with other classes of Drosophila insulators, including Su(Hw) and BEAF-32, and these multi-insulator complexes then become enriched for CP190, Mod(mdg4), and additional co-factors (Van Bortle et al. 2012) . Alignment of insulators suggests CTCF may cluster with other distinct insulator proteins to efficiently recruit essential cofactors important for establishing a robust insulator complex and perhaps capable of maintaining stable, long-range interactions. Future studies may uncover a similar relationship between CTCF and TFIIIC in humans.
The distribution of CTCF, tDNA, and aligned insulators correlates with recent mapping of physical domain borders in both Drosophila and mammals. For example, Cavalli and colleagues recently utilized an independent, high-throughput 3C derivative (3C-seq) to explore the 3D folding and functional organization principles of the Drosophila genome (Sexton et al. 2012) . Their data suggest eukaryotic genomes are partitioned into physical domains that can be clustered on the basis of strong statistical association with linear epigenomic profiles. Physical domains were categorized as active, which correlates with active histone marks; null, which comprises large transcriptionally repressive regions lacking silent chromatin marks; Pc domains associated with histone H3 K27 trimethylation (H3K27me3) repression; or HP1/centromeric domains associated with classical heterochromatin. Physical domains are demarcated sharply, and contacts within domains abruptly decay at positions corresponding to physical domain edges. Remarkably, insulators are highly enriched at domain borders, and hierarchical clustering revealed recurrent combinations of insulators and active histone marks that are present at all combinations of physical boundaries (e.g., even between two similarly annotated physical domains, such as null-null). Analogous mapping of physical domains reveals similar partitioning of the human genome as well as enrichment for CTCF and tRNA genes at chromatin domain borders (Dixon et al. 2012 , Nora et al. 2012 .
The enrichment of insulator proteins at all combinations of physical domain borders begs the question of what role insulators play in delimiting discrete chromatin domains. Earlier correlations for CTCF and tDNAs at the borders of repressed chromatin domains, typically in the form of H3K27me3 (Cuddapah et al. 2009 , Negre et al. 2010 , have led many to believe insulators function as chromatin boundaries, where they simply serve to prevent the spread of heterochromatin into flanking chromatin domains (Bartkuhn et al. 2009 ). Recent compounding evidence strongly suggests that despite this correlation, endogenous insulator proteins are not important for restricting the spread of silencing chromatin. For example, RNAi depletion of CTCF in D. melanogaster does not lead to significant alterations in chromatin structure or gene activity (Schwartz et al. 2012 , Van Bortle et al. 2012 . Similar findings are reported for depletion of other insulator proteins (Van Bortle et al. 2012) , and mutations in Drosophila insulator protein Su(Hw) have little consequence on several regions tested for gene activity (Soshnev et al. 2012) . Meanwhile, CTCF is not required for barrier activity at the well-characterized β-globin locus (Barkess & West 2012 , Recillas-Targa et al. 2002 , Yao et al. 2003 , together suggesting endogenous insulator proteins are not involved in heterochromatin barrier formation. The discovery that insulators are present at all combinations of physical domain borders rather than just repressive H3K27me3 domains perhaps reinforces the notion that chromatin insulators are playing a paramount role, beyond the scope of barrier activities observed in transgenic assays that remove insulators from their natural genomic context. Instead, the ability to facilitate long-range interactions appears to be the defining feature of insulators, underlying their role in nuclear organization and genome function.
Long-Range Interactions
Insulators have also been defined by their ability to impede the interaction between promoters and distal enhancers in a directiondependent manner. Meanwhile, observations at numerous genomic loci across species suggest that insulators influence chromatin structure by establishing chromatin loops through physical interactions. Concurrent models therefore proposed that insulators evolved to ensure the fidelity of enhancers and their target promoters in vivo by establishing chromatin loops and thereby dictating the potential for enhancer-promoter interactions. However, accumulating data suggest that insulators facilitate long-range inter-and intrachromosomal interactions across the genome, including bridging connections between distant enhancers and target promoters, which suggests that local determination of enhancer-promoter interaction represents only part of a more significant role in chromosome organization.
The enhancer-blocking activities of CTCF have been best characterized at the chicken β-globin locus and the murine H19/Igf2 imprinted locus, both of which have been extensively reviewed (Phillips & Corces 2009 ). These loci provide ideal scenarios for studying the role of insulators in allele-specific and developmental cell-type-specific gene regulation and chromatin architecture, and 3C experiments suggest CTCF underlies chromatin contacts at both genomic loci (Kurukuti et al. 2006 . Recent application of 3C has revealed that CTCF also underlies developmental higher-order architecture at the conserved homeobox gene A (HOXA) locus in mouse and humans . Specifically, CTCF and cohesin contribute to reorganization and selective gene activation at HOXA by partitioning silenced genes through chromatin loop formation upon differentiation. Furthermore, pluripotency factor OCT4 antagonizes cohesin loading at the CTCF binding site, thereby demonstrating developmental regulation of insulator activity and gene expression by inhibiting chromosome loop formation. Studies in D. melanogaster suggest insulators have a conserved role in developmental coordination of gene expression and chromatin structure. For example, genome-wide mapping revealed that dCTCF and Drosophila-specific insulator proteins are regulated through DNA binding and recruitment of CP190 during the ecdysone hormone response in Kc cells (Wood et al. 2011 ). In addition, 3C analysis at the ecdysone-induced Eip75B gene further revealed a developmentally regulated dCTCF site, wherein recruitment of CP190 and enhanced chromatin looping upon ecdysone stimulation suggested alterations in Eip57B locus chromatin organization.
Numerous studies have focused on the role of insulators in locus-specific gene regulation and chromatin architecture, but the emerging picture of insulators in genome-wide nuclear organization requires global analyses of chromatin interactions. The first genome-wide map of CTCF-mediated functional interactions has been obtained by combining ChIP with high-throughput sequencing of enriched chromatin interactions (Handoko et al. 2011) . The authors identified ∼1,500 cis and ∼330 trans interactions facilitated by CTCF in mouse embryonic stem cells and classified them into five categories on the basis of distinct epigenetic patterns. CTCF interactions harbor chromatin loops enriched for active or repressive chromatin signatures, which suggests that CTCF harnesses clusters of genes with coordinated expression (Figure 2) . CTCF interactions also create chromatin hubs conducive to enhancer and promoter activities, in support of recent evidence suggesting that CTCF and cohesin underlie enhancer-promoter interactions at the INFG and MHC-II loci (Hadjur et al. 2009 , Majumder & Boss 2011 . The authors therefore speculate that insulators may instead facilitate cell-type specific enhancer-promoter interactions. Ultimately, Handoko et al. (2011) provide a genome-wide interrogation of CTCF interactions and reveal several modes through which CTCF functionally organizes the genome.
Genome-wide interrogations of intraand interchromosomal interactions in yeast and humans independently demonstrate that tDNA insulators also underlie long-range genomic interactions. Noble and colleagues recently employed a high-throughput 3C-based technique to query the 3D organization of the S. cerevisiae genome (Duan et al. 2010) . tRNA genes were significantly enriched for 
Role in Nuclear Organization
Microscopy-based analyses of the physical and functional organization of eukaryotic nuclei have led to the identification of several discrete subnuclear organelles called nuclear bodies, which play host to a variety of nuclear processes, including transcription, splicing, processing, and epigenetic regulation (Mao et al. 2011) . Nuclear staining of insulator proteins has shown a clear propensity for insulators to concentrate into distinct nuclear foci, a feature that is conserved in yeast (Noma et al. 2006) , Drosophila (Gerasimova et al. 2000) , and mammals (MacPherson et al. 2009 ). Insulators also interact with and localize to nuclear substructures, including the nuclear and nucleolar peripheries, which suggests insulators tether associated chromatin to defined nuclear compartments (Gerasimova et al. 2000 , Yusufzai et al. 2004 ). These findings, combined with knowledge about insulator-mediated functional interactions, have led to models proposing that insulators ultimately interact to partition chromatin into structural and functional domains that are physically organized through insulator bodies. Although tantalizing, the functional importance and molecular underpinnings of insulator bodies remain poorly characterized. Nuclear organization clearly involves spatial arrangement of chromosomes whose position with respect to the nuclear periphery correlates with chromatin structure and gene expression. Chromatin interactions at the nuclear periphery recently have been mapped in both Drosophila (Pickersgill et al. 2006 ) and humans (Guelen et al. 2008) , revealing large, sharply defined lamina-associated domains (LADs) that correlate with low gene density and transcriptional repression. The borders of LADs in humans are enriched for CTCF (Guelen et al. 2008 , Zullo et al. 2012 , which suggests this protein may separate chromatin environments at the nuclear periphery. Mapping of insulators in D. melanogaster with respect to the nuclear lamina has also revealed a significant enrichment for the Drosophilaspecific Su(Hw) insulator at the borders of LADs (van Bemmel et al. 2010) . Handoko et al. (2011) independently identified the apparent relationship between lamina and the CTCF interaction network in mouse embryonic stem cells. Specifically, CTCF loops were depleted within LADs but enriched at LAD borders, which supports a model in which CTCF orchestrates genome organization with respect to the nuclear lamina. An analogous role for TFIIIC in nuclear organization in yeast has been proposed on the basis of perinuclear staining of insulator bodies in S. pombe (Noma et al. 2006) . In support of this model, perinuclear localization and silencing of the HMR locus in S. cerevisiae was recently shown to rely on nuclear pore proteins that localize to a tDNA barrier insulator (Ruben et al. 2011 ).
POLYCOMB
Genome plasticity and selective expression are essential features of multicellular development, and several early regulatory factors involved in body patterning and segmentation need to be strictly regulated to facilitate appropriate developmental decisions. Pc group (PcG) proteins are evolutionarily conserved epigenetic transcriptional repressors that play an important role in establishing and maintaining cell fate by influencing the expression status of pertinent genes. PcG proteins specifically mediate the repression of numerous developmental genes through posttranslational modification of histone proteins, and recent studies demonstrate that Pc activity is involved in a broad scope of cellular processes, including differentiation, cell cycle regulation, X-inactivation, and cell signaling (Sawarkar & Paro 2010) . Microscopy studies have demonstrated that PcG proteins concentrate into nuclear foci, called Pc bodies, which suggests PcG proteins may also mediate the nuclear organization of their target genes. Here we review recent progress in determining the relationship between Pc and nuclear organization.
Composition and Evolution
The PcG genes were first discovered as chromatin repressors that maintain silencing of the homeotic regulatory genes throughout Drosophila development (Paro 1990) . Further studies in the fruit fly demonstrated that PcG proteins are recruited through cis-regulatory elements called PREs (Simon et al. 1993) , and a recently identified element at the HoxD locus in humans facilitating Pc-dependent transcriptional repression throughout cell differentiation suggests the mechanism of Pc recruitment may be conserved (Woo et al. 2010) . However, PREs are not easily broken into obvious DNA consensus sequences as described for insulator proteins, and the functional mechanism of Pc targeting remains unclear, though it appears to involve numerous players including DNA-binding proteins, histone posttranslational modification binding proteins, RNAi machinery proteins, and noncoding RNAs (Beisel & Paro 2011) .
PcG proteins are present in two major complexes, Polycomb repressive complex 1 (PRC1) and 2 (PRC2), whose core components are largely conserved from flies to humans. The PcG family also includes several additional proteins that allow for the formation of diverse Pc chromatin-binding complexes with variable enzymatic activities (Simon & Kingston 2009 ). PRC2 catalyzes H3K27 di-and trimethylation (H3K27me3, which is associated with transcriptional repression) through SET domaincontaining subunit EZH1, as well as EZH2 depending on cellular context (Beck et al. 2010 , Margueron & Reinberg 2011 . PRC2 recruitment and activity is regulated by core components and ancillary subunits, such as PHF1, JARID2, and AEBP2, which stimulate PRC2 enzymatic activity (Beck et al. 2010 , Kim et al. 2009 , Sarma et al. 2008 ). PRC1 subunits RING1B and BMI1 form a stable heterodimer capable of catalyzing H2AK119 ubiquitylation (H2AK199Ub1) (Cao et al. 2005) , which likely underlies PRC1-mediated Pc silencing (Wang et al. 2004 ). There is also recent evidence that histone modificationbinding proteins containing malignant brain tumor (MBT) modules contribute to Pc function. For example, L3MBTL2 interacts with and is required for Pc-mediated repression by a PRC1-like complex in human cells (Trojer et al. 2011) . Interestingly, the Drosophila MBT protein L(3)mbt localizes specifically to chromatin insulators (Richter et al. 2011) , and as we discuss below, recent evidence suggests insulator activity may play an important role in Pc repression.
Distribution and Chromatin Structure
The genome-wide localization of PcG proteins has been studied in several independent ChIP-chip and ChIP-seq experiments in both Drosophila and mammals. Pc complexes localize to putative PREs in Drosophila and correlate with broad repressive H3K27me3 domains that encompass genes involved in major developmental pathways (Schwartz et al. 2006 , Tolhuis et al. 2006 . Most PREs are co-occupied by the major Pc complexes PRC1 and PRC2, and the occupancy landscape of PcG proteins changes during development, consistent with its role in mediating cell fate restriction by differential gene silencing (Negre et al. 2006 , Oktaba et al. 2008 . Mapping of PRC1 and PRC2 complexes in mammals shows similar co-occupation of www.annualreviews.org • Nuclear Organization and Genome Functiondevelopmental pathway genes and displacement of PcG proteins during gene activation , Bracken et al. 2006 , Lee et al. 2006 , which suggests Pc repression is a highly conserved feature of multicellular development. However, PcG proteins also localize to bivalent domains characterized by overlapping H3K27me3 and H3K4me3 encompassing genes poised for activation or repression upon cellular differentiation in mammals, a feature that is largely absent in fly embryos (Schuettengruber et al. 2009 ).
Genome-wide mapping of trithorax group (trxG) proteins, which catalyze H3K4 methylation and antagonize Pc repression through transcriptional activation, suggests a dynamic interplay between Pc repression and Trx activation dependent on overlapping recruitment proteins and the relative levels of Pc-and Trxassociated factors (Kwong et al. 2008 , Schuettengruber et al. 2009 , Schwartz et al. 2010 . Interestingly, PRC2 also functionally associates with numerous noncoding RNAs (ncRNAs) (Zhao et al. 2010) . For example, the 2.2-kb long ncRNA HOTAIR serves as a scaffold for both PRC2 and H3K4 demethylase LSD1 complexes, and thereby coordinates targeting of Pc to chromatin while coupling H3K27 trimethylation and H3K4 demethylation activities for epigenetic repression (Tsai et al. 2010) . Mapping of the genome-wide occupancy of HOTAIR revealed >800 focal, transcription factor-like binding sites that co-occupied the genomic binding profiles for the PRC2 subunits EZH2, SUZ12, and H3K27me3. HOTAIR occupancy was maintained upon EZH2 depletion, which suggests HOTAIR actively binds chromatin and may underlie the nucleation of PRC2 domains (Chu et al. 2011 ).
Long-Range Interactions
PcG proteins have long been shown to concentrate into nuclear foci called Pc bodies, whose number and size change upon cellular differentiation (Ficz et al. 2005 , Grimaud et al. 2006 , which suggests that Pc facilitates genome-wide interactions that are further compartmentalized within the nuclear space. Accumulating data suggest that PcG proteins are indeed involved in long-range interactions essential for Pc repression. Combinatorial use of 3C and fluorescence in situ hybridization (FISH) showed that PRE-PRE interaction occurs between the bxd and Fab-7 elements separated by ∼130 kb in the Drosophila bithorax complex (BX-C) and that colocalization occurs specifically in embryonic tissues and cell lines in which both the AbdA and Ubx genes are corepressed (Lanzuolo et al. 2007 ). Long-range associations dependent on PRC2 core component EZH2 at the mammalian GATA-4 locus, which is silenced in undifferentiated human TERA-2 cells, have also been observed (Tiwari et al. 2008b) . Tiwari et al. (2008a) subsequently devised a 3C-based approach analogous to chromatin interaction analysis with paired-end tag sequencing (ChIA-PET) and demonstrated a limited number of intra-and interchromosomal interactions in human TERA-2 cells dependent on EZH2, which suggests that PRC2 is involved in mediating long-range interactions in mammals.
The formation of Pc bodies and identification of long-range PRE interactions support a global role in genome function, but understanding the role of Pc complexes in multigene regulation and nuclear organization requires genome-wide exploration of genomic interactions. To this end, van Steensel and colleagues recently adapted chromosome conformation capture on chip (4C), a 3C derivative that determines genome-wide interactions of a given locus (Simonis et al. 2006) , to explore where Pc domains are able to interact within the Drosophila genome (Tolhuis et al. 2011 ). The authors demonstrate long-range interactions between Pc target genes and independent Pc and/or H3K27me3 domains in larval brain tissue, and further show that Pc interactions are topologically constrained to a single chromosome arm. Accordingly, chromosome inversion dramatically altered the interaction profiles revealed by 4C, but global gene expression patterns were relatively unchanged. Although specific interaction partners were altered, Pc target genes nevertheless continue to interact with independent Pc domains, which suggests that Pc interactions are flexibly amenable to new partners for gene repression. Genomewide mapping of chromosomal interactions by Sexton et al. (2012) independently identified 30 significant pairs of long-range interactions between Pc domains, thus supporting the role of PcG proteins in mediating specific longrange associations. However, the mechanisms by which these interactions are established and maintained and whether PcG proteins are directly responsible for mediating physical interactions are not clear.
Role in Nuclear Organization
The correlation of long-range chromatin interactions with Pc domains provides compelling evidence in support of the possibility that Pc complexes orchestrate the nuclear organization of repressed genes, but whether PcG proteins are required for long-range interactions has been called into question recently. Co-staining for insulator protein CTCF and PcG protein Pc2 shows clear colocalization of Pc and insulator bodies in HeLa cells (MacPherson et al. 2009) , and accumulating evidence suggests that insulators underlie the colocalization and nuclear organization of Pc domains (Pirrotta & Li 2011) .
The best-studied examples of physical interactions involving Pc targets occur between elements within Drosophila Hox gene clusters that have been shown to harbor insulator activity, and genome-wide localization studies have characterized numerous dCTCF insulator sites within the Antennapedia (Antp) complex and BX-C (Holohan et al. 2007 ). Only recently have Pirrotta and colleagues shown that interactions between copies of the BX-C Fab-7 or Mcp elements are not dependent on PREs . Importantly, both Fab-7 and Mcp elements have been shown to harbor enhancer-blocking insulator activities (Gruzdeva et al. 2005 , Zhou et al. 1996 , and Li et al. (2011) now demonstrate that interactions depend on insulators flanking the Mcp and Fab-7 PREs. A concurrent study independently revealed that the Su(Hw) insulator is capable of dictating PRE-target interactions through chromatin looping and topological constraint in D. melanogaster , consistent with earlier findings showing that the Su(Hw) insulator facilitates PRE-PRE contacts in trans (Sigrist & Pirrotta 1997) . Interestingly, the maintenance of long-range interactions between copies of the Fab-7 element also requires components of the RNAi machinery (Grimaud et al. 2006) , including those required for insulator activity (Lei & Corces 2006) , and recent mapping of RNAi component Argonaute2 (AGO2) shows specific colocalization with insulator proteins dCTCF and CP190 throughout the BX-C (Moshkovich et al. 2011) .
Although insulators likely play an important role in previously described Pc interactions, Li et al. (2011) speculate that Pc complexes may contribute to the stability of physical interaction. In support of this theory, mutations in PcG proteins significantly reduce the level of Antp and Abd-B colocalization at Pc bodies (Bantignies et al. 2011 ). Meanwhile, current models suggest Pc mechanistically facilitates repression through PRC1-mediated chromatin compaction (Grau et al. 2011) , and mapping of genome accessibility in D. melanogaster reveals that H3K27me3 domains are indeed the most inaccessible (Bell et al. 2010) . Together, these findings suggest that insulators mediate the interactions between Pc targets and that PRCs likely strengthen the association and repression of Pc domains through histone modifications and chromatin compaction. In support of this model, RNAi depletion of CTCF and other Drosophila insulator proteins results in loss of H3K27me3 within associated Pc domains (Van Bortle et al. 2012) , which suggests that insulators are important for maintaining appropriate chromatin architecture within these domains.
The interrogation of physical interactions between distant Hox loci has provided new and important insight into the regulation of longrange interactions during development. In D. melanogaster, the homeotic genes Antp and Abd-B, which are corepressed and colocalize
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to Pc bodies in Drosophila embryo heads, are recruited to separate nuclear compartments when one gene becomes activated (Bantignies et al. 2011) . In mammals, the HoxD cluster forms a single interaction domain in murine embryonic tissues in which all genes are inactive and transitions to a bimodal state in embryonic tissues in which HoxD genes are differentially expressed, with active genes segregated into an active domain (Noordermeer et al. 2011b ). This suggests that developmentally regulated genes are dynamically targeted to specific nuclear subcompartments, such as Pc bodies and transcription factories, for transcriptional repression or activation. The apparent role of insulators in Pc contacts suggests that insulators are likely involved in gene localization to both transcriptionally repressive and transcriptionally permissive environments.
TRANSCRIPTION FACTORIES
The organization of transcription within eukaryotic nuclei is far more complex than traditional textbook models of polymerase recruitment and gene tracking. Instead, transcription is spatially organized into discernable nuclear structures in which multiple RNA polymerases and active genes dynamically localize into nuclear bodies termed transcription factories. The formation of transcriptionally active subcompartments presumably allows for more efficient transcription by concentrating the molecular players, reactants, and DNA substrates within a confined nuclear volume. Recent evidence suggests that transcription factories are highly conserved features of nuclear organization, that long-range chromosomal interactions are a hallmark of gene expression, and that insulators likely play an important role at transcription factories.
Composition and Evolution
Transcription is a fundamental cellular process carried out by highly conserved multisubunit RNA polymerases that share a high degree of homology in bacteria, archaea, and eukaryotes (Werner & Grohmann 2011) . RNA polymerase I transcription of ribosomal genes is organized into a strongly conserved and highly organized nuclear substructure called the nucleolus (Thiry & Lafontaine 2005) , which represents the classical example of transcriptional clustering into a factory structure. Meanwhile, most protein-coding genes are transcribed by RNA polymerase II (RNAPII), and several findings now support models proposing that RNAPII transcription occurs at analogous factories. The localization of transcription into discrete sites was initially identified by detection of nascent transcripts and by RNAPII staining, which revealed a limited number of foci unable to account for the number of active genes in human nuclei (Iborra et al. 1996) . Subsequent studies further revealed that transcription factories are large and relatively immobile proteinaceous structures whose numbers vary by cell type and nuclear morphology (Chakalova & Fraser 2010) and that active genes dynamically localize to factories for expression in a transcriptiondependent manner (Osborne et al. 2004) . Recent genome-wide interaction assays described in this review also provide supporting evidence for the existence of transcription factories and further demonstrate that clustering of active genes is a highly conserved phenomenon. Hi-C modeling of chromosomal contacts reveals preferential clustering and interactions among actively transcribed genes and active chromatin domains in S. pombe, Drosophila, and humans (Sexton et al. 2012 , Tanizawa et al. 2010 , Yaffe & Tanay 2011 .
How transcription factories are physically organized and how genes are dynamically targeted to them remains poorly understood. To this end, Cook and colleagues recently isolated transcription complexes from human nuclei and identified the proteome of RNAPI, II, and III factories by mass spectrometry (Melnik et al. 2011) . Each complex was shown to harbor a characteristic set of unique proteins, though several proteins involved in DNA or RNA metabolism were shared. Whereas most proteins isolated from RNAPI complexes overlap those characteristic of nucleoli, RNAPII factories contain general transcription factors and CTCF, consistent with the finding that CTCF underlies organization of coregulated genes in mammals. Interestingly, RNAPII factories also contain repressive histone methyltransferases, including PRC2-core component EZH2, which suggests that the transition from epigenetic repression to gene activation may not require the ejection of PcG proteins. In support of this possibility, Pc2 was recently shown to relocate from Pc bodies to transcription factories dependent on demethylase KDM4C (Yang et al. 2011) . Targeting of Pc2 relies on ncRNAs, including TUG1, which interacts with PRC2 and acts as a scaffold at PcG bodies, and NEAT2, which associates with epigenetic regulators involved in gene activation. Taken together, genes likely are directed to repressive Pc bodies or active transcription factories through dynamic interplay of PcG and trxG proteins, whose long-range interactions require the function of ncRNAs and chromatin insulators. This model, recently highlighted by Pirrotta & Li (2011) , is consistent with early findings in D. melanogaster, wherein mutations in both PcG and trxG genes were shown to modulate the activity and nuclear organization mediated by insulators (Gerasimova & Corces 1998 ).
Enhancer-Promoter Interactions
As the name suggests, enhancers are regulatory elements functionally defined by their ability to activate transcription and to do so regardless of their location, distance, or orientation with respect to gene promoters (Banerji et al. 1981) . Enhancers underlie complex spatiotemporal regulation of tissue-specific gene expression and have been characterized by chromatin and transcription factor signatures in mammalian cells (Barski et al. 2007 , Heintzman et al. 2007 , Wang et al. 2008 . Enhancers are commonly separated by large genomic distances from their associated promoters, which makes accurate assignments of enhancer-promoter relationships difficult and suggests that long-range interactions are a defining feature of gene regulation. Numerous 3C-based interaction studies have supported enhancer looping models wherein enhancers directly contact gene promoters for activation, and recent models suggest chromatin signatures at enhancers may act as epigenetic signals for transcriptional activation (Ong & Corces 2011) . Interestingly, a distinct class of enhancer elements is also capable of recruiting RNAPII and is transcribed into enhancer-derived RNAs , Wang et al. 2011 . The transcriptional output of neuronal activity-regulated enhancers positively correlates with the expression levels of associated genes , and alternative models of enhancer function have been proposed (Bulger & Groudine 2011) , including ones in which enhancers and their associated promoters colocalize by virtue of recruitment to transcription factories.
Enhancer-promoter interactions and transcriptional clustering of active genes consistent with transcription factory models are further supported by ChIA-PET analyses enriching for RNAPII-based chromosomal interactions . As many as 65% of RNAPII binding sites have been shown to be involved in a complex network of physical interactions in human cell lines. RNAPII interactions were intergenic (e.g., promoter-promoter), and extragenic (e.g., promoter-enhancer), with most contacts aggregated into ∼1,500 interaction complexes. Multigene complexes typically consisted of related and coregulated genes, which suggests gene families functionally associate for cotranscription, whereas single-gene complexes tended to associate with tissue-specific or developmentally regulated genes and celltype-specific enhancer-promoter interactions. The authors ultimately reveal a complex organization of transcription reflecting the importance of long-range chromatin interactions between coregulated promoters and between enhancers and promoters, possibly at transcription factories.
Nevertheless, the role of long-range enhancer-promoter interactions in eukaryotic gene activation and how these interactions are organized is not fully understood. Traditional models propose that enhancers underlie recruitment and assembly of the transcription www.annualreviews.org • Nuclear Organization and Genome Functionmachinery at core promoters (Maston et al. 2006) . However, in the case of the human FOSL1 gene, histone cross talk between an enhancer and promoter triggers transcription elongation (Zippo et al. 2009 ), which suggests some enhancers may function by releasing RNAPII from promoter-proximal pausing. Meanwhile, recent characterization of chromatin-associated proteins at the human α-globin genes and upstream MCS-R2 enhancer suggest distal enhancers stimulate gene expression by reversing PcG activities (Vernimmen et al. 2011) . The MCS-R2 enhancer is required for recruitment of H3K27 demethylase JMJD3, although active chromatin marks indicative of Trx activity (H3K4me3) were present in the absence of the enhancer. This supports a model wherein PcG and Trx complexes dynamically associate with target genes and enhancers promote gene induction by favoring Trx activity. This is consistent with ChIA-PET mapping of RNAPII contacts, which found high enrichment of active chromatin marks H3K4me1 and H3K4me3 coupled with a lack of repressive marks at RNAPII interaction sites .
Recent studies have also provided new insight into how enhancers interact with distant target promoters to induce gene transcription and have suggested roles for transcription factors, chromatin insulators, and a unique cohesin complex in enhancer-promoter organization. In the case of the well characterized β-globin locus, whose expression levels are developmentally regulated by a distal upstream locus control region (LCR), long-range enhancer-promoter interactions require transcription factors EKLF and GATA-1 (Drissen et al. 2004 , Vakoc et al. 2005 , and genes coregulated by EKLF preferentially cluster into shared transcription factories (Schoenfelder et al. 2010) . Ectopically integrated human LCR on a discrete chromosome in transgenic mice preferentially interacts in trans with EKLF-and GATA-1-regulated genes (Noordermeer et al. 2011a) , which suggests transcription factors coordinate the specificity and organization of enhancer-promoter interactions. Through the powerful combination of 4C and FISH, Noordermeer et al. (2011a) also demonstrate that interchromosomal interactions between the LCR and β-globin genes are limited to specific "jackpot" cells actively transcribing β-globin genes, which suggests interactions are cell specific and reflect genome conformations that are conducive to enhancer-promoter association. In other words, enhancers preferentially interact with genes through shared transcription factors, but they do so stochastically in a restricted nuclear space that varies from cell to cell.
Insulators also play an important role in facilitating cell-type-specific chromatin organization conducive to enhancer-promoter interactions, and recent mapping of CTCF interactions in pluripotent cells supports this possibility (Handoko et al. 2011) . CTCF-mediated tissue-specific chromatin architecture has been characterized at the apolipoprotein gene cluster; the imprinted IGF2-H19 locus; and the developmentally regulated IFNG, β-globin, MHC-II, and CFTR loci (Gillen & Harris 2011 , Ong & Corces 2011 . However, recent findings suggest that cohesin complexes, which are recruited by CTCF, are also capable of stabilizing enhancerpromoter chromatin looping in the absence of CTCF. For example, cell-type-specific enhancer-promoter interactions in murine embryonic stem cells require a unique cohesin complex, including the transcriptional coactivator Mediator and cohesin loading factor nipped B-like protein (NIPBL) (Kagey et al. 2010) . Cohesin and NIPBL were also recently shown to mediate interactions between the β-globin genes and upstream LCR, and whereas CTCF-coordinated organization at the locus does not directly influence gene expression , the cohesin-mediated LCR interaction regulates globin gene expression in vivo and in vitro (Chien et al. 2011 ).
PERSPECTIVES
The power of chromatin profiling and 3C-based genomic strategies for exploring genome-wide interactions has led to substantial progress in our understanding of nuclear organization over the past few years. Meanwhile, the recent identification of tDNA insulator activity in humans (Raab et al. 2012 ), mapping of CTCF-mediated chromosomal interactions in mammals (Handoko et al. 2011) , and identification of genome-folding principles in human cells (Dixon et al. 2012 , Lieberman-Aiden et al. 2009 , Nora et al. 2012 , Yaffe & Tanay 2011 and Drosophila embryos (Sexton et al. 2012 ) have significantly expanded our knowledge of insulator function and the highly conserved role of insulators in genome organization. The requirement for insulators in mediating long-range interactions essential for Pc repression and their localization to transcription factories (Melnik et al. 2011 ) suggest insulators underlie the dynamic interplay between epigenetic gene repression and gene induction associated with developmental gene regulation. These observations can be used to derive a comprehensive model of the role of insulators and chromatin structure in nuclear organization (Figure 3) , with emphasis on the evolutionarily conserved role of insulators in yeast, Drosophila, and mammals; the molecular players involved in each; and their role in gene localization to PcG bodies and transcription factories. Despite substantial progress, several important questions remain, including how chromosomal associations and underlying insulator activities are regulated. The discovery of tDNA insulator activity in mammals raises the question of whether the highly conserved tDNA and CTCF insulators functionally cooperate. Finally, studies have only begun to characterize the new roles for ncRNAs in gene regulation and nuclear organization.
Interactions mediated by insulators, PcG proteins, and enhancer/promoter-bound factors result in the creation of a 3D arrangement 
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Figure 3
Comprehensive model for the highly conserved role of insulators in nuclear organization. Insulators in yeast (TFIIIC, orange), Drosophila [Su(Hw), dCTCF, BEAF, green; CP190, Mod(mdg4), yellow], and mammals (CTCF, brown; TFIIIC, orange) mediate long-range inter-and intrachromosomal interactions important for gene regulation and cluster into subnuclear foci called insulator bodies. Insulators underlie interactions necessary for Polycomb (Pc) body repression (blue) and localize with general transcription factors (TF, pink) to transcription factories. Insulators localize to subnuclear structures, including the nuclear lamina (red ), where they are enriched at the borders of lamina-associated domains (LADs) and the nucleolus ( gray). CTCF insulator activity in mammals requires cohesin ( purple), and TFIIIC insulator sites are associated with both cohesin and condensin ( purple). Insulator activity in Drosophila relies on recruitment of fly-specific proteins CP190 and Mod(mdg4).
of the DNA that must represent a fingerprint of the functional status of the nucleus. Therefore, a detailed understanding of all inter-and intrachromosomal interactions in the nucleus together with information on the nature and function of the interacting loci can lead to the establishment of structure-based functional maps of nuclear output that are a representation of cell identity. Some of these interactions may be a consequence of genome function, whereas others may be established during cell differentiation to elicit specific patterns of gene expression. As a consequence, the 3D architecture of the genetic material may carry epigenetic information in addition to that written into the 10-nm chromatin fiber. Understanding how this information is maintained during the cell cycle and how the 3D arrangement of chromosomes during interphase relates to their structure during mitosis remains a major challenge for the near future.
SUMMARY POINTS
1. Long-range interactions between regulatory elements often govern transcriptional regulation, in the form of both gene activation and repression, and are therefore a fundamental process underlying nuclear organization and genome function.
2. Chromatin insulators, including tRNA genes and transcription factor TFIIIC, appear to be highly conserved features involved in the nuclear organization of all eukaryotic genomes, from yeast to humans.
3. Insulators have outgrown the enhancer-blocking and barrier activities for which they were defined. Endogenous insulators facilitate long-range interactions that both mediate functional contacts between regulatory elements, including enhancer-promoter interactions, and correlate with topological domains enriched for coregulated genes. Insulators do not appear to be necessary to prevent the spread of heterochromatin, as proposed previously.
4. Colocalization of genes targeted by Pc group proteins for repression and maintenance of H3K27me3 within Pc domains relies on insulators. Insulator proteins also localize to transcription factories, which suggests a role in directing the localization of target genes to nuclear substructures for regulation.
5. Transcription factors and insulator-independent complexes also contribute to the organization of coregulated genes for coordinated expression, which suggests that nuclear organization and appropriate genome function depend on numerous additional factors.
6. Preliminary findings suggest that insulators can collaborate, perhaps to establish robust complexes capable of facilitating stable long-range interactions. Insulators also appear to be developmentally regulated by recruitment of both DNA-binding insulator proteins and additional cofactors.
7. Understanding how regulatory elements contribute to cell type-specific nuclear architecture, and how this information is maintained throughout the cell cycle, remains a major challenge for the near future.
